The pneumatic counterweight method is a suitable counterweight method used for machine tool owing to its high speed and force capacity, combined with low price and clean operation. However, the preset pressure cannot be hold at higher traveling rate if the conventional pneumatic counterweight is applied. In this study, rather than using the conventional pressure compensation method, the active pressure control method was designed as an alternative to the pneumatic counterweight driven by a linear motor. The fuzzy sliding mode controller was designed and implemented for regulating the pressure using the servo valve. The experimental results demonstrate that the variation of the pressure in the pneumatic cylinder can be hold within the range ±15 kPa by using active pressure control method.
Introduction
The pneumatic counterweight system enables machine tools to support the weight of a spindle of the machine tool by using air cylinders. The actuator force output is produced by the pressure differential acting across the piston and can be controlled by regulating the pressure in cylinder chambers. The system takes advantage of increasing traveling rate, saving power and reducing the effect of gravity. The pneumatic counterweight system is a suitable method of counterweight method because of its high speed and force capacity, combined with its low price and clean operations. However, if the preset pressure of the cylinder cannot be hold, the actuator force output is not a constant and the feed rate and machining precision is involved.
Conventionally, the pneumatic pressure compensation method applied for the pneumatic counterweight system of the servo motor driven machine tool is designed to connect a large air tank with a pneumatic cylinder, so that pressure change in the pneumatic cylinder can be reduced due to the spindle motion. The air tank is connected to the compressed air source, the compressor, and the pressure regulator or the pressure switch is added to achieve the constant pressure. However, if the spindle of the ma-chine tool travels at a faster rate, a constant pressure cannot be hold using the conventional method and moreover connecting a large air tank to cylinder would be useless in this situation.
Recently, several investigations have developed some different algorithms for controlling pneumatic actuator. Ben-Dov and Salcudean (1) developed a linear force controller to modulate force by voice-coil flapper valves and low-friction cylinders. Shih and Hwang (2) developed modified differential pulse width modulation (PWM) method to eliminate the dead zone and to improve the nonlinear characteristics between the pressure differences of the cylinder. In Shih and Ma (3) , the fuzzy PWM control method was developed and applied to control the position of a pneumatic cylinder with high speed solenoid valves. Also, Sorli and Pastorelli (4) developed PNM/PWM controller to control chamber pressure of cylinder by two pairs of monostable 2-way valves. Khayati, Bigras and Dessaint (5) developed tractable state-feedback synthesis technique and H ∞ controller to control the pneumatic actuator force. Furthermore, Richer and Hurmuzlu (6) used reduced order sliding mode controller to control pneumatic force with servo valve and obtained a 20 Hz bandwidth. S. Shibata et al. (7) designed a fuzzy controller with fuzzy virtual reference generator to improve the rise time.
In this study, an active pressure control method was developed and implemented on the pneumatic counterweight system driven by high speed linear motor. The cylinder pressure was directly regulated with the servovalve. Considering the air compressibility and highly non- Fig. 1 The conventional pneumatic counterweight system of machine tool linear behavior, this study designed the fuzzy sliding mode controller for the active pressure control method to simplify the system analysis and controller design. The fuzzy sliding mode controller was designed on the basis of the sliding mode control law (8) , (9), (12) . The proposed active pressure control method is simple, effective and easy to implement on the pneumatic counterweight of the machine tools. Figure 1 shows the layout of the conventional pneumatic counterweight system of the machine tool. This paper builds the test stand and study the conventional and active pneumatic counterweight system. Figure 2 shows the layout of the test stand.
System Description
( 1 ) Conventional pneumatic counterweight system: Fig. 3 schematically represents the conventional pneumatic counterweight test stand. The cylinder pressure was stabilized by connecting cylinder to the air tank and the air tank pressure was regulated using pressure regulating valve.
( 2 ) Active pneumatic counterweight control system: Fig. 4 schematically represents the active pneumatic counterweight test stand. An IBM 32 bit compatible microcomputer was applied as a controller. Initially, the computer sent a control signal to trigger an electric control unit (ECU) to drive the linear motor. The mass flow rate entering the cylinder is controlled by the servo valve, which is controlled by the computer. The pressure of the pneumatic cylinder or force applied by cylinder can be controlled through controlling mass flow rate using servo valve. Furthermore, the pneumatic force compensates 95 kg of the vertically moved mass driven by the linear motor. The displacement of the cylinder and air pressure are measured by pulse scale and pressure sensor and fed back to the computer. After calculation and comparison, the control sig- Fig. 2 The layout of the test stand nals are sent to control the ECU and linear motor. Finally, the experimental results were compared to those obtained using the conventional method.
Basic Equations
The model of the pressure control system regulated by servovalve is shown in Fig. 5 . This study primarily investigates the dynamics of the pressure in cylinder chamber and is not concerned with the dynamics of the linear motor. The governing equations are derived as follows under the following assumptions: (A1) gas is ideal, (A2) gas density is uniform in the chamber, (A3) flow leakages are neglected, and (A4) pressure of air supply is stable in the system.
1 Piston-load dynamics
The equilibrium equation for the piston can be expressed as
where M is the external load mass, z is the piston position, β is viscous friction coefficient, and F f is friction force. The friction force is relation to the velocity of the piston and the characteristic of friction force is shown in Fig. 6 . The friction force is described by
F m is the force applied by linear motor, P a and P b are the absolute pressures in cylinder chambers, P e is the absolute ambient pressure, A a and A b are the piston areas, and A r is the rod area. The weight of mass is balanced by the actuator force output, produced by the pressure differential acting across the piston.
2 Model of the cylinder chambers for the conventional method
The conventional pressure control method for pneu- matic counterweight system is to connect the air tank without using servovalve to directly control the pressure in the cylinder chambers. The following equations are obtained:
The air in the cylinder chamber A is directly discharged to the atmosphere, so we consider the control volume V b , with densityρ b , mass m b , pressure P b , and temperature T b , the dynamic of the pressure P b can be written as (1) , (10 
where z is the displacement of cylinder. Mass rather than volume flow rate is generally used because of the compressibility of air. The equation for the mass flow entering through an effective area A t of an orifice to the air tank can be written as:
whereṁ t is the mass flow entering the air tank, C 1 is discharge coefficient, and C r is the pressure ratio that divides the flow regimes into unchocked and chocked (C r = 0.528 for air). P U1 (P upstream) and P D1 (P downstream) are defined as
where P b is the pressure in cylinder's chamber B, and P t is the pressure in air tank. The mass flow rate of cylinder's chamber B can be presented byṁ b = −ṁ t , while the pressure dynamics of cylinder's chamber B is expressed as:
This equation indicates that the pressure P b is stable if the air tank can provide a corresponding mass flow rateṁ t , when the mass moves at traveling rateż. The tank volume is large enough and the pressure variation of the tank can be ignored. Thus we can assume the tank pressure P t is equal to preset pressure. However, the mass flow rate is smaller between the cylinder and the air tank when the cylinder pressure is approximately equal to the tank pressure. Consequently the higher traveling rate produce a larger variation of the cylinder pressure, and connecting a large air tank to cylinder is useless in this condition.
3 Model of the cylinder chamber for the active control method
To stabilize the cylinder pressure when the mass moves at a higher traveling rate, this study uses a servovalve to control the cylinder pressure directly. The dynamics of valve spool can be approximated using a first order differential equation because the spool inertial force is much smaller than the force applied by the internal springs of the valve. So, the valve dynamics may approximately be described as:
where x v is the spool displacement from central position, h v and e v are positive constant, and u is the control signal. The servo valve performance can be obtained from the operating instructions (14) : the critical frequency at the maximum movement stroke of the piston spool is 90 Hz. Because the movement of valve spool is fast compared with cylinder piston movement, the valve dynamic effects can usually be neglected in this control system. The valve spool stroke can be considered as proportional to the control signal u. The effective area of servo valve is expressed as:
where w is the area gradient of servovalve. The equation for the mass flow through an the effective area A v of servo valve can be written as:
whereṁ v is the mass flow through the valve orifice, C 2 is discharge coefficient, and C r is the pressure ratio that divides the flow regimes into unchocked and chocked (C r = 0.528 for air). P U2 (P upstream) and P D2 (P downstream) are defined as
where P s is the supply pressure, and P e is the discharge pressure.
The mass flow rate of the cylinder's chamber B thus can be represented byṁ b =ṁ v −ṁ t , and the pressure dynamics of cylinder is as follows:
The pressure in the cylinder's chamber B must be constant in order that the actuator force output is constant. Therefore the mass flow rate though the servovalve must be controlled using active pressure control method, and the pressure change can be reduced when the mass moves at a higher traveling rate.
Controller Design
When controlling a plant, there is so much mathematical representation used on designing controller. To simplify the system analysis, this study developed the fuzzy sliding mode controller based on the sliding mode control law (9) , (12) . This study assumes that the system temperature to be a constant T , and ignore the mass flow rate between the cylinder and tank. The control problem is to get the pressure P b to track the preset pressure P d . The sliding mode index S could be written as:
The sliding mode equation becomeṡ
Substituting Eqs. (7) and (8) into (9) and settingṁ t = 0, we can obtain:
the Eq. (12) can be rewritten:
The sliding mode equation can be rewritten:
Assume parameter b may be various in a range:
1/2 andṠ = 0, we can get the nominal control law:
We use the fuzzy control law u f uzzy to replace the discontinuous component and the control signal u can be written as:
Substituting Eq. (16) into (14), we can get: According Lyapunov theory, all the fuzzy sliding rules should satisfy the requirement as follows:
The term in Eq. (18),
Therefore, in this condition, reducing u f uzzy leads to decrease S ·Ṡ as S is positive and increasing u f uzzy leads to decrease S ·Ṡ as S is negative. The above statements can be summarized as a rule base for the fuzzy logic controller and the rule table shown in Table 1 . The triangular membership functions for the input S ,Ṡ and output ∆u f were shown in Fig. 7 and the center-of-gravity method was used for defuzzification. Figure 8 shows a block diagram of the pneumatic pressure servo control system.
Experimental Results
The conventional pneumatic counterweight system and the active pneumatic counterweight control system were described above. Their system performance and experimental results are presented as follows. The supply pressure was 600 kPa, and the setting pressure of the lower chamber of cylinder was 320 kPa. The cylinder provides force of 931 N to support the weight of the moved mass. The inner and rod diameter of the cylinder were 0.08 m and 0.03 m, respectively, while the tank volume was 0.08 m 3 . The weight of the moved mass driven by linear motor was 95 kg and the stroke was 0.2 m. The different velocity limits are set for the linear motor to clarify the system performance. The sampling frequency was 100 Hz. Furthermore, the traveling rate was estimated by Fig. 10 Time responses of the system using fuzzy sliding mode controller with different setting velocity using velocity estimator based on the least-squares from the discrete position versus time data (13) . Figure 9 shows the pressure responses of the counterweight system using the conventional pressure control method. The experimental results show that the higher traveling rate leads to lager pressure variation with the largest pressure variation occurring at the largest traveling rate. The largest pressure variations of the cylinder were 60 kPa in the downward motion and 40 kPa in the upward motion. Moreover, the maximum force change was 259.2 N in the motion process, but the balanced force is just 931 N. Furthermore, the experimental results show that the largest pressure variation in the downward motion exceeds that in the upward motion. The pressure variation can be found to be asymmetrical from experimental results and the asymmetrical conditions of the pressure variation are more obvious for the mass with higher traveling rate. Clearly the motion of the linear motor is involved in these problems, so using the active pressure control method is necessary for the mass with higher traveling rate.
Next, this study presents the experimental results using the active pressure control method. The experimental results in Fig. 10 were regulated using the fuzzy sliding mode control method. The pressure variation e andė have to be multiplied by the scaling factors, Ge and Gv, so that the products are normalized in the interval [−1, 1]. The output signal of the fuzzy sliding mode controller, u f , is multiplied by the scaling factor, Gu, to correspond with actual operating voltage of the servo valve. The larger scaling factors, Ge and Gv, result in good performance and fast response but may cause oscillatory response. After some trial and error, the scaling factors of the fuzzy sliding mode control are Ge = 4, Gv = 1.5 and Gu = 0.7. In  Fig. 10 , the largest pressure variation is lower than 15 kPa and the variation of the pneumatic force was lower than 64.8 N in the motion process. These experimental results demonstrate that using the active control method is useful for stabilizing the cylinder pressure and providing more stable actuator force output for the pneumatic counterweight control system. Moreover the pressure variation in the pneumatic cylinder can be controlled to be within the range ±15 kPa in this study.
Conclusions
This study designed the active pressure control method to modulate the cylinder pressure with a servovalve. The experimental results yield the following conclusions:
1. A lager pressure change would be occurred when the spindle of the machine tools move at a faster speed using the conventional pneumatic counterweight system.
2. The active pressure control method can efficiently reduce the pressure change and provide more stable actuator force output for the pneumatic counterweight system.
3. The pressure variation in the pneumatic cylinder can be controlled to be within ±15 kPa using the active pressure control methods in this study.
4. This study may provide a useful reference for researchers to improve the feed rate and the machining precision for the machine tool.
